In order to obtain more information about the structure of the surface boundary layer in the atmosphere, especially in thermally stratified conditions, analyses of the data obtained at O'Neill, Nebraska are conducted.
(aT/a log z)z.o, roughness parameter and others are determined graphically, considering that the profiles of wind speed and temperature are subject to the " log+linear " law. Then the fundamental parameters such as the friction velocity, the friction temperature, and the stability are calculated.
The physical quantities derived from the fundamental coefficients, such as the shearing stress and the turbulent heat flux, are compared with the observed, values.
Then the relationship between the structure of the turbulence and the stability is studied.
Results are as follows : (1) The similarity theory holds. If the "constant" of the linear term is assumed to change with the stability, the " log+ linear" law is considered to hold over a wide range of stability.
The calculated values of the shearing stress and the turbulent heat flux are fairly agreeable.
(2) Every physical quantity is considered to be arranged only by the fundamental parameters (or the fundamental coefficients, that is, the profiles of wind speed and temperature).
For instance, the power index in the " power" law , the standard deviation of wind speed divided by the friction velocity, the standard deviation of azimuthal angle and the relation of the nondimensional spectral density to the nondimensional frequency can be adjusted by the stability which is represented by the height divided by the stability length. Osaka, 1960 , and the rest including chapters 6, 7, and 10 was presented at the Autumn General Meeting, Tokyo, 1960. nomena are quite complicated.
The author conducted experimental studies in a wind tunnel with Kano and Asada (1960) to study the turbulent structure in thermally stratified flow and obtained some interesting results. However, the studies could not cover a wide range of stability.
Recently in the United States, two groups of data were published which cover a wider range of stability in considerable detail (Lettau and Davidson, 1957; Barad, 1958; and Haugen, 1959) . They give a description of the experiments and the values of various meteorological quantities that were obtained at O'Neill, Nebraska in 1953 and 1956 . Now, we will try to analyze the data from the point of view of the similarity theory developed by the Russian meteorologists, comparing with other observations. The profiles of wind speed and temperature are mainly treated in Part I.
First, it is shown that the profiles can be analyzed with the so-called " log+linear " law, and by using the similarity theory, the fundamental parameters such as the friction velocity, the friction temperature, and the stability length are calculated.
By comparing the calculated with the observed values, the similarity theory is confirmed.
In addition, the shearing stress and the heat flux are compared with the observed data, which include those obtained by Rider (1954) and Swinbank (1955) . Also, the relation of the stability ratio to the height above the ground and the stability length are studied.
Lastly it is shown that in a limited range the "power" law can be considered to hold approximately, and the dependence of the power index on the stability is examined.
In Part II, fluctuations of wind velocity and temperature are treated. First the relation between the fluctuation of wind speed (or the standard deviation) and the stability is examined, and also the standard deviation of the azimuthal angle is studied. Then the energy spectrum of wind speed is investigated. Assuming that it is expressed by the power of the frequency, the dependence of the power index on the stability in the frequency range concerned is studied, and also the relation of the nondimensional spectral density to the nondimensional frequency is studied.
Finally, the relation between the standard deviation of temperature and the stability is considered.
PART T
Similarity theory
if in the atmospheric boundary layer the turbulence is stationary and homogeneous horizontally, the similarity theory (developed by Monin and Obukhov (1954) , Kazanskii and Monin (1956, 1958) , Priestley (1954) , and others) can be considered to hold. The basic assumption is that the turbulent regime is completely determined by the parameters, V*=( / )1/2 and q/cp , which do not change with the 347 height above the ground, and g/ To which expresses the buoyancy, where V. is the friction velocity, z the shearing stress, the air density, q the turbulent heat flux, cp the specific heat of the air, g the acceleration of gravity, and To the average temperature of the air. In the atmospheric boundary layer, the only scale of velocity is V*, the only scale of length is L, and the only scale of temperature is T*, defined by (1.1)
where k is Karman's constant which is introduced for convenience.
From the point of view of the similarity theory mentioned above, the mean wind speed U(z) and temperature T(z) at the height z above the ground are expressed by ( From the similarity theory, when Iz/LI is small, the profiles of wind speed and temperature can be expressed by the so-called "log +linear" law, and moreover by the universal function.
We will assume that, for a wide range of stability, the profiles are expressed by the law and make analysis of the data obtained in the field observations, in order to determine whether the law holds. From the previous section, the profiles of wind speed and temperature are expected to be expressed as follows.
We then assume that the data obtained in the field can be expressed by the following experimental formulae.
(2.3) (2.4) where AU, BU, AT, and BT are coefficients to be determined from the observations. Data used here are after Lettau and Davidson (1957) and Barad (1958) , which present the data obtained at O'Neill, Nebraska in 1953 and 1956, in the "Great Plains Turbulence Field Program r" (G.P. hereafter) and "Project Prairie Grass" (P.G.) respectively.
In G .P., data on the average wind speed are presented in Fig. 1 . a shows a plot of U and T against z for neutral conditions on semilog graph paper.
The data on the wind speed fit a straight line. Therefore we may conclude the so-called zero-plane displacement is negligible and the profile is represented by the " log" law . Fig. 1. b shows Run No. 32 (nonneutral conditions) from P.G. The departure of the plotted data from a straight line may be caused by the linear term.
We will try to determine graphically if this is so and at the same time, determine AU, BU, AT, BT, and zo*. Fig. 1 . c shows another run as well.
First we connect the points T(0.2) and T(10) by a straight line. The range of 0.2-10 m is considered to be adequate since the height range of observations is 0.12-16 m. The difference curve between the straight line and the original curve is drawn, and then the difference curve is compared with the prepared calibration graph described below in order to determine the coefficient of the linear term. If the difference curve lies among the prepared family of calibration curves, the curve of the profile is due to the linear term. Otherwise, the profile can not be expressed by the " log+linear " law .
The calibration curves to obtain the coefficient of the linear term can be prepared as follows.
Curves of T(z)=BTz are plotted on semilog graph paper for various values of BT. (See upper graph in Fig. 2) . Next, the points, T(0.2) and T(10) on the respective curves are connected with straight lines. Then we plot the difference between the straight lines and the respective curves, against z, to obtain the calibration curves. (See lower graph in Fig.  2 ). Now, comparing the difference curve obtained in Fig. 1 . b with the calibration curves, we find that it matches the curve for BT= 0.23 (deg m-1). In order to find AT we connect the point T(0.2) with the point 2.3 deg lower than T(10) and from the slope of this line we obtain AT =1.0 (deg). (Fig. 1. b) Au, Bu for the wind profile can be determined in a similar manner.
But in the wind profile the range of observation is 0.25-16 m, so for the graphical determination the range of 0.4-10 m is chosen.
For Run No. 32, we obtain Au=0.9m s-1, Bu=0.22s-1, and z0=0.02 m from the intersection point between the straight line and z-axis.
Results for P.G. are tabulated in Table 1 in which the designation A means that the degree of agreement is quite good, the designations B and C mean that it is tolerable and poor respectively, and the values without any designation can not be evaluated due to their small number.
The values for the runs marked B and C are averaged ones in the range.
The where C=(1/2)(Cu+CT), Cu=2.3Bu/Au, and CT =2.3BT/AT, assuming that Karman's constant k=0.40.
And also from eqs. (1.1) and (1.2) the following equations are obtained. No w we plot [U(z)-U(ILI/10)]/Au against |z/L) using the data obtained in the field. (See Fig.  3. a) . Figure 3 . a shows that the plotted data are less scattered in the unstable conditions than in the stable (roughly where | z/L | is less than 0.1). This may be due to greater errors in the measurements under stable conditions. In the same way, we can show a similar relationship between [T(z)-T(I L| /10)]/AT and | z/L |. (Fig. 3. b) . We should notice that features of the figure will depend on the choice of the standard height, for which we choose | L|/10 so that it may be within the range of 0.2--16 m, the range of observation heights.
Dependency of * upon L
Monin and Obukhov (1954) determined *=0.6 in their observations. Ogura (1952) who obtained the equation for the wind speed profile on the basis of the energy balance gave * =3 in the range where the " log+linear " law holds. However, there is an unknown proportional constant in his equation which is determined by using data from Deacon (1.949). Yamamoto (1959) extended the mixing length theory to non-adiabatic conditions and obtained *=10 under unstable conditions, * =2 under stable conditions in the range where the " log+linear " law holds. Also Businger (1955) .reported *=2.
The results obtained in the previous section are shown Fig. 4 gives the 10-min mean from 1-sec samplings of fast-response probes by M.I.T. In P.G. u'w' is presented in Table 17 .3 which gives 20-min means from 1.067-sec samplings of heated thermocouple anemometers by M.I.T. Also, data by Rider (1954) and Swinbank (1955) are used for comparison. Fig. 5 shows the relation between observed 1 ( / ) from G.P., Swinbank and Rider, and the calculated V*(=0.174Au).
The correlation is quite good but the calculated V* is somewhat too large. the calculated V* being too large. Fig. 7 shows the relation between the observed turbulent heat flux, q by Rider and calculated q (= -48AUAT).
There is considerable scatter but the two quantities seem to agree in general.
The observation of turbulent heat flux is rather difficult and the data for w' T' given by M.I.T. do not seem to be accurate.
So this remains a problem for the future.
Next we will look at L : the relation between calculated L(=13.3AU2/AT) and observed L as defined by eq. (1.1) when V*, and q are observed.
As shown in Fig. 8 Table 7 .4 in G.P. Fig. 9 shows the relation between calculated L and observed aRi1 az. The agreement is quite good except for extremely stable conditions. 
Stability ratio
The stability ratio S defined in the follow- Using the data of G.P. and P.G., S(z) was plotted against L for z=0.25, 0.5, 1, 2, 4, and 8 m. The plots indicate that the regression curve . comes closer to a straight line with a slope of -1 as z decreases and also that S(z) decreases with increasing height. data from Rider and Swinbank. Note that for higher values of S(z), the points tend to lie above the regression line under stable conditions (Fig. 10. a) and to below the line under unstable conditions (Fig. 10. b ). These characteristics would be expected from eq. (6.3). We also find that the data seem to fit eq. (6.3) when we use 6 for stable conditions and 2 for unstable conditions. When using this stability ratio in the field it would be best to choose z=1 or 2 m since there is more scatter in the data for other values of z.
7.
"Power" law
We have found, on the basis of the similarity theory, that the profiles of wind speed and temperature obey the " log+linear " law. In the past, Sutton (1932), Best (1935 ), Scrase (1930 , Frost (1947) and others, and more recently DeMarrais (1959) and Johnson (1959) have analyzed the wind structure on the basis of the "power" law. Deacon (1949) expands the "power" law in differential form to analyze the wind profile. Lettau (1957) shows that the power law and the expanded power law can only be considered an interpolation formula of limited validity. But the powerlaw is convenient for solving equations in an analytical form, for example to solve the equation of atmospheric diffusion. (See Sutton, 1953) . So we will study the relation between the power index and the stability length, by using the data of G.P. and P.G. Fig. 11 shows some plots of the relation between log U and log z using data from G.P. From these graphs we can determine the power index p given by
where z1 is the certain height. The plotted points may be approximated by straight lines from which p is determined.
The relation of p to L is shown in Fig. 12 . In G.P., from the data by M.I.T. (where z=2-16 m) we obtain p=0.16 1/6 in the neutral condition, and from the data by the University of California (where z=0.5-8 m) p=0.19 1/5. In P.G. we can find p=0.17 1/6 N from the data by Texas A. & M. (where z=0.25-16 m). In all cases p changes from about 0.6 to about 0.1, when the stability goes from the extremely stable condition to the extremely unstable. Now we will consider the profiles from another point of view. Assuming that the profiles are subject to the following equations, (7.2) (7.3) we will determine the power indices, r and and s. In the profile of wind speed we will consider the values at the heights of 0.5, 2, and 8 m. By taking the ratio, [U(8)-U(2)]/ U(2)-U(0.5)], we can find r, since or (7.4) (7.5)
In order to obtain the value of aU and bU,, we can make use of the following equations :
(7.6)
In order to obtain adequate values for U(z), the smoothed profile should be used. Results obtained by this method are tabulated in Table 1 . Also, the relation of r to the stability z/L is shown in Fig. 13 . a. Similar calculations of s, aT, and bT for the temperature profiles can be made. Values of s are given in Table 1 and the relation to z/L is shown in Fig. 13 . b. In the figures we find that r, as well as s, seems to tend to -0.4 in the strongly unstable condition, and to +0.5 in the extremely stable, although in both cases the points are scattered, while in the similarity theory -1/3 and +1.0 are expected respectively from eqs. (1.6) and (1.7).
PART II 8. Fluctuation of wind speed and stability
The data used in this section are from Table  5 .2. a. in G.P. and Table 17 .2 in P.G. The method of observation and the treatment of data are described briefly in section 5. We consider the relation between the standard deviations divided by the friction velocity, /V*(i=u, v, w) and the stability z/L, where V* and L have been calculated previously. The relations are shown in Fig. 14. a-c . From the figures, we were able to obtain the values in Table 2 . 
Fluctuation of wind direction and stability
The data used here are from Table 17 .2 in P.G., where the standard deviations of the azimuthal angle are calculated from 20-min means from bivane used by M.I.T.
We will consider the relation between the standard deviation of azimuthal angle A and stability z/L. The relation is shown in Fig. 15 . There we can find that A has a clear relation to z/L, and A 8 deg in the neutral condition. Data obtained by Inoue (1959 Inoue ( b, 1959 c) have a similar aspect on the whole. This seems to confirm the adoption of A as a stability parameter by Cramer (1957) and Inoue (1959 a). In addition there is the following relation between A and v:
(9.1) Fig. 16 shows the relation between A and v /U where the former is in degrees and the latter is in radians.
We find from the figure that A(deg) N 57.3 v/U(rad) appears to hold. The data used here are after Table 17 .6 in the original which were obtained by M.I.T. In the table the spectral densities Fi(n), (i= u, v, w)(m2 s-2/s-1) are tabulated in relation to the harmonic number n(s-1). The frequency f (c s-1) is given by f = (1/128)n. The range of calculated n is 0-60 s-1, or the corresponding range off is 0-60/128( 0.5)c s-1. We plotted the data on log-log graph paper, drew a smoothed curve, and obtained an average slope in the range, n=10-40(s-1) or f=0.078 Now we will consider the dependence of the slope on the stability. Fig. 18 shows this relationship.
We can see the following characteristics.
(1) Every slope, in the range f=0.08
burn.
Met. Soc. Japan (2) The change of Fu is larger than that of Fv or FU. (3) In the neutral condition, the values of the slopes referred to u, v, and w are about -1.2, -0.7, and -0.2 respectively. Now we will compare the results with those of other investigators. MacCready (1953) made observations at the heights of 1-2 m in the frequency range of 2.5-4.0 c s-1 with wind speeds of 2-4.6 m s-1, and found that the spectral density was proportional to the -5/3 power of frequency.
Shiotani (1955) found that the spectra were also expressed by the -5/3 power in the range of 0.1-2 c s Businger and Suomi (1958) investigated the spectral density of vertical wind by means of their sonic anemometer at the heights of 3-12 m, in the frequency ranges of 101-6000 c s-1, (or 0.028-1.66 c s-1) in G.P. and obtained the same results at the higher frequency range as MacCready and Shiotani.
In order to investigate the spectrum in more detail from the viewpoint of the similarity theory, it seems desirable to transform the spectral density and frequency to the nondi- We have grouped the data according to stability and find that F, becomes larger with instability, but the slope of the curve seems to approach -5/3 at the higher frequency range independent of the stability. In Fig.  19 .c we also plot one of the runs (IV-6 in G.P.)) by Businger and Suomi.
Next we will examine the relation between f Fi(i=u, v) and f This is illustrated in Figs. 20. a, b where f Fi has a maximum value in the range of f=0.01 to f=0.1 for nearly neutral conditions, and in extremely unstable conditions the maximum occurs in the range of f<0.01 while in extremely stable conditions the maximum occurs in the range of f>0.1. Therefore we can conclude that "largest eddy size" becomes larger with instability. For fFw . the maximum seems to exist in the range larger than 0.1 in any condition. Our results agree on the whole with those obtained by Panof sky and Deland (1959).
Fluctuation of temperature and stability
Data used in this section are from Table  5 .1 in G.P., where the standard deviations of temperature, T at the heights of 0.25, 0.5, 1.0, 2.0, 4.0, 8.0 m are calculated from 10-min means of 10 samples per second from bead thermisters used by Iowa State College. We will investigate the relation between T/T* and stability z/L using the calculated values mensional form, say, following Favre, et al. (1953) , although we choose V*2 and z in place of i2 and the spatial integral scale respectively.
We will adopt the following quantities.
where for a friction velocity V*, we take the calculated value obtained in section 4.
Here Fi is considered to be a function of the stability z/L as well as f . Figs. 19 . a-c show the relation between Fi and f for several runs which are chosen at in section 4 for T*. The relation is shown in Fig. 21 . We find that (1) in the stable condition the points are scattered much more than in unstable conditions, (2) the more the stability differs from the neutral condition, the smaller T/T* seems to be, and (3) it is about 1.2 in neutral conditions.
Temperature fluctuations have been investigated by many authors : Shiotani (1950) , Tatarskii (1956 ), Perepelkina (1957 ), Taylor (1958 ), Longley (1959 , Hirao et at. (1959 Hirao et at. ( , 1960 , Priestley (1960) and others.
According to Perepelkina (1957) the relation between observed T and the temperature difference at two heights is represented by the equation : T= 5.4[T(1)-T(4)] in unstable conditions, while in stable conditions there appears to be little relationship.
His results may be rewritten as T/ T*=0.76. Longley (1959) analyzed the same data used here and obtained T=0.45[T(3.2) T(0.2)] in the unstable condition. This is equivalent to T/T*=1.26. Hirao et at. (1959, 1960) obtained the result that T/T*=1.3 in their observations in the unstable condition. Priestley (1960) analyzed data including G.P. and obtained the results that in the unstable condition T/T* 1.4 and in the stable condition . T/T* in G.P. changed from 1.73 to 0.87 as the stability came to extremely stable at the height of 0.65 m. All investigators except Priestley divided the conditions into only two categories ; stable and unstable, and did not consider the effects of wind shear. All the results are similar and agree in general with those obtained here.
Conclusions
On the basis of the similarity theory developed by Monin and Obukhov and others, the author analyzed mainly the data obtained at O'Neill, Nebraska in 1953 and 1956, and  found that the similarity theory held in the surface boundary layer up to 16 m at least. In our analysis the conclusion is obtained that which are obtained from the profiles, determine every quantity in the surface boundary layer.
Details are as follows :
1. The profiles of wind speed and temperature can be expressed on the basis of the similarity theory, that is, the "log+linear" law holds in nearly neutral conditions, and also can be considered to hold over a wide range of stability if the "universal constant" of the linear term, /3 is postulated to be variable with stability. 2. Various meteorological quantities calculated from the coefficients of the " log+linear " law of the profiles are in fair agreement with observed values. 3. As a parameter of stability besides the stability length L and the stability ratio S, the standard deviation of azimuthal angle may be used. In using the stability ratio, S, in field work, the height, z, should be chosen as 1 or 2 meters. 4. The power law can be used with the profiles, although it is only considered an interpolation formula. The average power index within a limited height range is obtained in relation to stability. And another power law is also examined. 5. The relation of the fluctuations of wind speed and temperature to stability is obtained. Detailed results are in sections 8 and 11. 6. The spectral density of wind speed can be expressed by the -5/3 power law in the higher frequency ranges (f >0.5 c s-1) independent of the stability, while in the lower ranges the value of spectral density is less than that expected from the -5/3 power law, and becomes less with increasing stability. In addition the use of a nondimensional spectral density F (i=u, v, w) and frequency f normalizes the curves of spectrum. The value of Jmax for which f Fi (i = u, v) is a maximum, increases with stability, and in nearly neutral conditions is in the range of 0.01 to 0.1. In order to complete the analysis of the turbulent structure in the surface boundary layer, the following observations will be required. (a) The spectrum of wind speed in relation to the stability, (that is for different heights and thermal stratifications) in wide frequency ranges.
(b) Temperature fluctuation, that is, T, w'T', and spectrum 
